A group I intron that can be spliced in vivo and in vitro was identified in the flagellin gene of the thermophilic bacterium Geobacillus stearothermophilus. We also found one or two intervening sequences (IVS) of flagellin genes in five additional bacterial species. Furthermore, we report the presence of these sequences in two sites of a highly conserved region in the flagellin gene.
Introns are most commonly found in eukaryotes and archaebacteria, but they are also widespread in mitochondria, chloroplasts, bacteria, and bacteriophages. Group I introns are ribozymes catalyzing RNA selfsplicing to produce ligated exons and excision of the intron. 1) Despite their lack of primary sequence similarity, group I introns fold into conserved core secondary structures consisting of characteristic stem-loops P1 through P9. Group I introns are mostly inserted into rRNA and tRNA genes, and some interrupt ORF such as the psbA gene of cyanobacterial phage, 2) which spread to cognate intron-less genes and persist in a host gene by a homing event.
3) This event is initiated by cleavage of the recipient DNA with homing endonuclease encoded within the intron. In bacteria, however, only two genes, both highly conserved housekeeping genes, recA and nrdE, have been reported to contain functional group I introns in protein-coding regions. 4, 5) Geobacillus stearothermophilus is a Bacillus related, rod-shaped, spore-forming, motile, thermophilic, bacterium that is aerobic or facultatively anaerobic and has an optimal growth temperature of 50 to 60 C. Most bacterial cells, including G. stearothermophilus, swim by rotating their flagella filaments as a propeller.
6) The flagellin protein is a major component of the bacterial flagellar motor, which comprises an extracellular long helical filament that undergoes glycosylation, and has been described in G. stearothermophilus (NBRC 12550, type strain). 7) During the study of the flagellin (hag) genes from several thermophilic Bacillus species, we discovered that the flagellin gene of G. stearothermophilus is interrupted by an intervening sequence (IVS). In this study, we found that the sequence was a putative self-splicing group I intron, and that some gram-positive thermophiles also have group I intronlike IVSs in the flagellin gene. This is the first report of the presence of a group I self-splicing intron in flagellin genes.
We have described the DNA sequence of a flagellin gene from G. stearothermophilus (DDBJ accession no. AB453704). 7) Sequence comparison of the putative protein sequence with flagellins from gram-positive bacteria showed that the N-and C-terminal regions were well conserved. The central region, on the other hand, was highly variable in sequence and length, as it is in other bacterial species. 8) However, BLASTN searches of the flagellin gene revealed the presence of an IVS in the highly conserved protein-coding region (Fig. 1A) . This region is important for the coiled-coil model of flagellar filament assembly.
9) The boundaries of the proteincoding region were predicted by comparing the flagellin gene to the closely related (not interrupted) flagellin sequence of G. kaustophilus.
10) The IVS contains five stop codons, so that flagellin translation is terminated at the fifth residue within the IVS when translated continuously. As shown in Fig. 1A , the G. stearothermophilus flagellin gene was interrupted by a 364-bp fragment that occurs after amino acid residue 234.
In order to confirm excision of the IVS from the primary transcript, reverse-transcription (RT)-PCR was carried out with total RNA. The cDNA was synthesized with SuperScript III (Invitrogen, Carlsbad, CA) and antisense primer FLG 04 Gst from purified total RNA. PCR was carried out with FLG 01 and FLG 04 Gst primers. The resulting DNA product was about 360 bp shorter than that from the genomic DNA (Fig. 1B) .
To determine whether the IVS was self-spliced out of the RNA, the intron-positive flagellin gene was PCRamplified from G. stearothermophilus genomic DNA and introduced into pET41b(þ) (Novagen, Madison, WI), and the resulting plasmid was termed pEThagGst [þint] . The RNA for the in vitro splicing experiment was transcribed with T7 RNA polymerase (Takara, Shiga, Japan) from pEThagGst[þint], linearized with XhoI. The reaction was carried out in splicing buffer (25 mM HEPES, pH 7.5, 15 mM MgCl 2 , 0.2 mM GTP, and 1 M KCl) at 55 C, and stopped by the addition of EDTA (final concentration, 10 mM) on ice.
11) The RT-PCR from the in vitro spliced sample also showed an approximately 360 bp short amplification product (Fig. 1B) . Additionally, both RT-PCR amplified products were sequenced, and it was confirmed that the y To whom correspondence should be addressed. Tel: +81-3-3817-1915; Fax: +81-3-3817-1895; E-mail: ishizuka@chem.chuo-u.ac.jp Abbreviations: RT-PCR, reverse transcription-PCR; IVS, intervening sequence predicted splice boundaries and exon ligation were correct (data not shown).
The secondary structure of the IVS was predicted by the Mfold program, 12) with manual correction (Fig. 1C) . It folded into a typical group I intron structure with P1 to P9 conserved stems and characteristic sequence elements with a terminal exonic uracil at the 5 0 spliced position forming U-G base pairing in the P1 stem, and a guanosine at the 3 0 end, as is typical of most group I introns. Additionally, we confirmed that guanosine and Mg 2þ were essential for the self-splicing of the intron (data not shown). From these results, we concluded that the IVS was a group I self-splicing intron.
A database search for introns in other bacterial flagellin genes revealed group I introns in five additional gram-positive species of three bacterial families: Bacillaceae, Thermoanaerobacteraceae, and Peptococcaceae, which belong to the phylum Firmicutes. Group I introns are inserted in two proximal sites in the wellconserved region of flagellin genes. These flagellin introns of two sites are hereafter referred to as hag-a and hag-b, respectively. The insertion sites for Geobacillus thermodenitrificans and Anoxybacillus flavithermus were identical to those for G. stearothermophilus in hag-a, while for Thermoanaerobacter pseudethanolicus and Thermoanaerobacter sp. X514 the insertion site was hag-b, 66 bp downstream of hag-a, and Pelotomaculum thermopropionicum had both sequences (Fig. 2) . The sequencing of these genomes has now been completed and the putative flagellin genes annotated as a pseudogene (A. flavithermus, Aflv 2577; GenBank accession no. CP000922) or flagellin genes (G. thermodenitrificans, T. pseudethanolicus and T. sp. X514, and P. thermopropionicum), but they were terminated at the first stop codon in their introns (GenBank accession nos. and protein IDs, CP000557 and ABO68401, AP009389 and BAF60283, CP000924 and ABY95416, and CP000923 and ABY91766). Hence these flagellins were submitted in lack of a conserved C-terminal region. The alignment of sequences flanking the insertion sites of group I introns in the flagellin gene are shown in Fig. 2C . The completely consensus sequence of this flanking region of G. stearothermophilus hag-a was not observed in the genomic contig of strain 10 (http://www.genome.ou.edu/ bstearo.html), though the strain was different from that used in this study.
Although the insertion sites of the group I intron were distinct from each other, similarity to the G. stearothermophilus DNA sequence was observed between the flagellin introns of both insertion sites (65-97% identity was found to that of G. stearothermophilus). Additionally, in common with the G. stearothermophilus at hag-a, they folded into a secondary structure characteristic of group I introns (data not shown). The two flagellin introns of P. thermopropionicum (hag-a and hag-b) shared significant sequence identity in comparison with the other flagellin introns. It appears that the two sites of the group I intron of P. thermopropionicum result from duplication in the genome, though it is unclear in what way the flagellin introns were acquired.
The group I intron of the G. stearothermophilus flagellin gene and the other bacterial species in this study do not appear to harbor a homing endonuclease gene (HEG). It may have been lost from the intron during evolution. Meng et al. have proposed inteinassisted intron homing as an acquisition process because of the proximity of an intron and an intein (harboring a HEG) insertion site in homologous genes. 13) However, no intein or group II introns, much less IVS harboring a HEG, were found in flagellin genes, unlike the previously reported bacterial group I introns in proteincoding regions. 4, 5, [13] [14] [15] [16] Group I intron-like sequences were also found in locations immediately after flagellin genes in A. flavithermus and Exiguobacterium sibiricum, although E. sibiricum has no intron in the flagellin gene ( Fig. 2A) . These bacterial strains belong to the family Bacillacea, and their group I intron-like sequences of flagellin downstream were obviously related to the introns that interrupted the flagellin gene (50-70% DNA sequence identity was found). Surprisingly, 14 amino acid residues, which corresponded to a region after the hag-b of the C-terminus of the flagellin gene, were continuously encoded after the intron-like sequence ( Fig. 2A, B) . These 14 amino acid residues were highly conserved and were specific for bacterial flagellin. These two bacterial species were probably able to produce a entire flagellin protein without these 14 amino acid residues, suggesting that these group I intron-like sequences and continuously encoded 14 amino acid residues were not functional in vivo.
At present, the functional group I intron of flagellin genes is found only in thermophilic gram-positive bacteria, including G. stearothermophilus. These bacterial species were viable at 55-70 C, and belonged to the phylum Firmicutes. 
